Three test methods have been developed for thick paste adhesives typical of wind turbine blades, all adaptations from studies reported in the adhesives literature. Each test can provide important data for thick paste adhesive joints under a full range of loading conditions experienced in the wind turbine blade application. The notched lap shear test results for static loading explore a variety of parameters including: batch to batch variation, loading rate, laminate adherend peel plies, overlap length, adhesive thickness and applied load direction (tension vs. compression). The effects found are largely resolved by finite element analysis using a maximum local tensile strain failure criterion based on neat adhesive tests. Six paste adhesives were tested, showing a range of notched lap shear strength. Fatigue data were obtained for three loading conditions (tension, reversed loading and compression) with two blade adhesives, one relatively brittle and the other relatively tough. Fatigue results were similar for the two adhesives despite their toughness difference, which was evident in the crack propagation phase of the lifetime.
I. Introduction
Typical wind turbine blade joints use paste adhesives several millimeters thick, of varying geometry. They can be expected to experience significant static and fatigue loads under various environmental conditions over their service life. Test methods which represent the blade application may be based on either strength/fatigue life [1, 2] for representative joint geometries, or fracture mechanics/crack growth rate [1, 3] . Literature related to these areas has been reviewed in recent publications [1] [2] [3] [4] [5] [6] . Typical adhesives test parameters include: laminate adherend properties and surface preparation, adhesive composition (chemistry, additives, mixing, curing), adhesive thickness, temperature, and moisture, as well as joint geometry. Cyclic fatigue and time dependent creep/stress relaxation are major loading issues [6] , in addition to static loading conditions and multi-axial loads. Fatigue loading for blades must consider, as a minimum, R-values (R = minimum load/maximum load) in the range of tensile fatigue (R = 0.1), reversed tension-compression (R = -1) and compression (R = 10).; additional R-values are needed for laminate fatigue to allow adequate prediction of lifetime under typical blade loading spectra [7, 8] . Extreme strength issues not generally included in coupon test programs are large areas where the adhesive does not fill the bond gap, and large un-bonded or partially bonded areas; these are inspection issues. This paper reports on the development and initial testing of three adhesives tests designed for thick laminates and thick adhesive layers and a full range (tension to compression) of uniaxial loading conditions. The notched lap shear geometry is designed to include a crack initiation phase with crack initiation localized to the adhesive layer, at the notch root (to suppress initiation in the adherend or interface, allowing meaningful comparisons of different adhesives). The mixed-mode (modes I, opening, and II, shearing) cracked lap shear test and double cantilever beam (DCB) tests use a starter crack to explore the static and fatigue crack propagation behavior. Crack growth for the cracked lap shear test is near the laminate interface, while the crack in the mode I DCB test tends to grow in the mid-thickness range of the adhesive layer. None of these test methods is original in this work, but are adaptations of reported methods to the wind blade joint application.
II. Experimental Methods

A. Notched Lap Shear
The thick adhesive lap shear test method has been developed along the lines of various standard methods (ASTM D1002, D3165, D5656, and D5868), but with improved application to fatigue studies with laminate adherends and thick adhesive layers typical of wind turbine blade structures. The following were the target attributes of interest:
1. The test should be capable of determining static strength and fatigue response under a range of R-values including compressive loads. 2. Loading should be through standard hydraulic grips (with lateral movement constraint). 3. Specimen preparation should be convenient and reproducible. 4. Failure should initiate in the adhesive for a broad range of adhesives of interest (as opposed to failure initiating inside the laminate interface). 5. The overlap length should be sufficient to explore damage initiation and propagation. 6. The test should be able to accommodate a broad range of adhesive properties and thicknesses.
The specimen geometry is depicted in Figure 1 . This geometry is similar to that reported by Tomblin, et al [6] . Preliminary tests with other geometries, including notches at various positions in the adhesive, showed inconsistent failure initiation sites and increased scatter. Data are reported later for overlap lengths of 12.7 and 25.4 mm, with the fatigue geometry using 25.4 mm. Laminate adherend choice is important in that failure may initiate within the laminate for some layups; this is more common for ±45 laminates than for unidirectional laminates with relatively thick plies. The laminate used in these studies was four plies of unidirectional glass fabric (Vectorply ELT-5500) with Hexion 135/1366 epoxy resin; the fiber volume content was 56 -58%. The adhesives are listed in Table 1 .
Test development included linear and nonlinear finite element analysis discussed later in more detail. Figure 2 gives a maximum tensile strain map for a typical specimen with a 25.4 mm overlap length, L, under tensile load. The strain concentration area at the notch radius is the dominant crack initiation site as indicated for a typical fatigue specimen in Figure 3 . The crack usually propagates through the adhesive to the opposite adherend interface, then along the interface, either in the adhesive or inside the laminate surface, as described in the results.
Static tests were conducted at a displacement rates of 0.025 and 12.7 mm/s as discussed later; fatigue tests were conducted at a frequency of 1-5 Hz. The nonsymmetrical specimens with clamped ends tend to deform out-of-plane, which was restrained by large hydraulic grips with special lateral constraints [1] . 
B. Cracked Lap Shear Test
The cracked lap shear specimen shown in Figure 4 (single notch only) was used to determine crack growth resistance under mixed mode loading, where the crack generally propagates near the laminate interface. The test was run under tensile loading for static tests and reversed loading in fatigue for this study, but a full range of tension to compression can be run with hydraulic grips under lateral constraint, and with relatively thick adherends. Crack tip strain energy release rates, G I , G II , and the total, G Tot (G I + G II ), were determined from FEA using the approach and properties outlined later for the notched lap shear analysis, with the addition of virtual crack closure and surface elements, similar to Reference 9. The strain energy release rates as a function of crack length are given in Figure 5 for tension and compression loading. The effects of the crack boundary elements on G II under compressive loading were significant in offsetting material interpenetration along the crack flank, so G II in tension is not equal to G II under tension. Results are given in Figure 5 for crack positions just inside the adhesive ( Figure 6 ) and just inside the surface resin of the laminate. Little effect of crack location is seen, due to the similar resin and adhesive elastic constants.
Test data for the cracked lap shear specimen are reduced to G-values for particular loads and crack lengths using Figure 5 . For reversed loading data, the G Tot plotted is the maximum tension value, which is greater than that for compression. The curves in Figure 5 are determined using a linear FEA at a load of 4.45 kN. The G-values for other maximum loads (P max ) can be calculated from the elastic FEA solution at 4.45 kN by Equation (1)[1] .
C. Mode I DCB Test
The pure mode I test (Figure 7 ) is used to determine the G Ic value for cracks propagating in a cohesive mode within the adhesive layer. The following calculation was adapted from delamination testing (ASTM D5528) following Reference 1, but ignoring the contribution of the adhesive to the beam stiffness:
where, a o = crack length b = width of specimen h = adherend thickness E 11 , E 22 = longitudinal and transverse adherend moduli, respectively G 13 = inplane adherend shear modulus G I = strain energy release rate in mode I P I = mode I critical loading λ = elastic foundation correction
To date, this test has only been used in a static mode. The critical load, P I , for crack advance is determined using the 95% slope intersection with the load-displacement trace, illustrated in Figure 8 for stable crack extension. The maximum load was the consistent outcome of this method for unstable growth. The test is conducted by loading the specimen through pins at the end under displacement control, until the crack advances by some distance, either stably or unstably; the specimen is then unloaded, and another test may be run at the new crack length. The displacement rate ranged from 0.1 to 0.5 in/min as the crack extended over the length of the specimen; the rate increase was used to offset the decreasing specimen stiffness with increasing crack length. 
III. Results and Discussion
A. Notched Lap Shear Tests
Static Tests. Static test results have been obtained for several geometries, peel plies, adhesives, displacement rates and adhesive thicknesses to explore the effects of various test parameters on the static strength. The baseline geometry and FEA results are given in Figures 1-3 . The Hexion adhesive EP135G3/EKH1376, designated ADH-1, was used as a baseline adhesive for most these studies, with selected comparisons to several other adhesives. Strength results are obtained at a test rate of 0.025 mm/s except as noted, and the apparent shear strength is calculated from the maximum load to complete separation. Figure 9 gives a series of bar charts with standard deviation markers for several static test comparisons; at least five test results were included for each case, except where noted. The apparent lap shear strength, τ app , is calculated for each case from Equation 4; it should be noted that failure is associated with the local stress concentration area at the notch root in Figure 2 , so the average shear stress has limited physical meaning except in comparisons with other results from the same geometry.
where F is the applied force, W is the width (about 25 mm) and L is the overlap length (either 12.7 mm or 25.4 mm). Figure 9 (a) gives different mixing batch results for adhesive ADH-1, all taken from the same containers. The slight variations between mixing batches should be taken into account when considering comparisons of other parameters. The hand mixing of very viscous adhesive and hardener, while done carefully, is not precise, and resulting porosity varies somewhat between batches. Adhesive joints are well known to be sensitive to interface preparation [4] , which, for wind blades may be a surface produced by the removal of the peel ply. The type of peel ply used is reported [10] to significantly affect the joint strength for prepreg carbon/epoxy laminates in some instances. Figure 9 (b) indicates little effect of peel ply type for the three products evaluated, for two adhesives. The peel ply is applied to both laminate surfaces, but the resin distribution layers are used only on the top, under the vacuum bag. Since the bottom (mold) side is more nearly flat than the top side, the bottom mold side is used as the bonding surface unless noted. No significant effect on joint strength was found for bonding on the mold side or the resin distribution layer side, so the data shown are for bonding on the mold side. Figure 9 (c) provides data for several adhesives, three tested at two overlap lengths. As discussed in the FEA section which follows, the longer overlap length results in the mid-length section of the adhesive carrying low stresses relative to the notch areas, so the calculated average shear stress over the entire length is lower than for shorter lengths at the same load. If failure initiates near the notch at a similar local stress condition, then the longer overlap length will result in lower apparent shear strength. The strength ratio for 25.4 mm length to 12.7 mm length ranges from 0.48 to 0.65. As noted earlier, the longer overlap length is desirable for observing crack initiation and growth modes in fatigue. DCB tests in the final section show ADH-6 to be significantly higher in toughness than ADH-1, with ADH-5 intermediate. ADH-2 is a tough adhesive used for test development, but with a significantly lower viscosity compared with typical blade adhesives.
The mode of failure under tensile loading (Figure 3 ) is crack initiation in the adhesive at the notch root, growth through the adhesive to the opposite interface, and then growth along the laminate interface either inside the adhesive or just inside the adherend surface. Under compressive loading the peel stress components reverse sign to compression, and the failure initiation site shifts to the interface. The crack appears to grow suddenly under compression, crossing the adhesive at approximately 45 o (consistent with the FEA predicted maximum tensile direction resulting from the mainly shear strain field), to the opposite laminate interface part way along the length. Figure 10 compares failed specimens under tension and compression loading, and Figure 9 (d) compares apparent shear strength values. The compressive strength is much higher than the tensile strength for the relatively brittle adhesive ADH-1, which appears to fail due to the local (tensile) peel stress component. The shear stresses are equal but in opposite direction under tensile and compressive loading for the same applied absolute force level.
The effect of adhesive thickness on apparent shear strength was determined for adhesive ADH-1, with the same 5 mm thick adherend laminates and a 25.4 mm overlap length. Figure  9 (e) compares the joint strength for three different adhesive layer thicknesses, nominally 3.25, 6.50 and 9.75 mm, and Figure 11 shows failed specimens of each. Failure initiates at about the same location on the notch radius for each case, and then propagates along the opposite interface, just inside the laminate surface, as noted earlier. A significant decrease in joint strength with increasing adhesive thickness is evident in Figure 9 (e). This is consistent with the trend in Ref.
11 for thinner adhesive layers, and is somewhat steeper than reported for a broad range of adhesive thicknesses in Reference [12] .
The performance of adhesives is generally recognized to be sensitive to time (creep) and temperature [13] . Data for three displacement rates for ADH-1 are given in Figure 9 (f). These data show only a slight decrease in strength with increasing rate over the rate range of standard static tests and fatigue tests. A similar finding was reported for simulated blade joints in Reference 2. Fatigue Loading. The lap shear test specimen was designed with adequate stiffness to be used over a range of R-values including tension, reversed loading and compression, using hydraulic grips with lateral constraint [1] . The static results indicate a significantly different behavior in compression, where root peeling stresses become compressive, than under tensile loading. Reversed loading and compression data for adhesives have been very scarce in the literature, but are likely to be important for wind blades. In the linear range, at low loads, reversed loading produces reversed shear direction, but similar distribution, in the tensile and compressive parts of the cycle. Tensile (peel) stresses are high during the tensile load part, but mostly compression except for secondary areas, under the compressive part of the cycle. Figure 12 provides a comparison of tensile, reversed and compressive (R = 0.1, -1 and10) fatigue life data for the ADH-1 adhesive with the EP-1 resin unidirectional laminate adherends and 25.4 mm overlap length. The three loading conditions result in strongly differing fatigue response, with reversed loading the most fatigue sensitive. Compressive loading response is very fatigue resistant for this geometry and adhesive. The fatigue failure modes are similar to those under static loading, with reversed loading cracks initiating at the notch root (in the adhesive), similar in appearance to tension (Figure 3 ).
The mean curve fits are fit to the fatigue data only. The fatigue sensitivity in terms of approximate lifetime range at about 50% of the static strength are similar to a 4 mm thick general aviation paste adhesive under room temperature dry conditions, Figure 4 -19 in Ref. 6 . Little effect of test frequency in the 2 to 10 Hz range was reported in that study; the frequency for the tests in Figure 12 varied from 1-6 Hz. The fatigue trends given in Figure 12 are steeper (higher absolute value of the exponent) compared to the simulated blade web joints in Reference 2.
The two adhesives ADH-1 and ADH-6 are compared in Figure 13 under tensile and reversed loading fatigue (R = 0.1 and -1). Although the two adhesives differ significantly in terms of toughness as discussed later, the fatigue S-N results are similar. The more brittle adhesive, ADH-1, failed quickly after crack initiation (Figure 2 ), while crack growth was slow for ADH-6, eventually involving stable cracks from both notches. 
FEA of Notched Lap Shear Test.
A finite element study was carried out in parallel with the experimental work to assist in test development and the interpretation of results. The general character of the strain distribution is similar to that in other joint geometries, with an elastic stress concentration area in the notch root, and more uniform stresses and strains away from the adhesive edge. Figure 14 gives typical mesh details near the notch root, and Table 2 gives analysis details and (measured) adhesive properties.
Most structural paste adhesives show significant nonlinear response prior to failure. Tomblin, et al, have reported on the in-situ shear response of several paste adhesives [13] . Adhesive properties for this FEA study were determined from tensile tests on 3.25 mm thick bulk adhesive cast sheets. Figure 15 gives typical tensile and compressive stress-strain curves for the neat ADH-1 adhesive, and Figure 16 gives the multi-linear representation used in the nonlinear FEA runs. The actual tensile failure strains in the tensile tests varied significantly from specimen to specimen (Figure 15) , with cracks initiating at pores as was also observed in the lap shear tests. The adhesive is stronger and more ductile in compression.
FEA results for maximum principal (tensile) strain similar to Figure 2 show the maximum tensile strain in the notch root area is 58% higher for the 12.7 mm overlap geometry than for the 25.4 mm overlap, for the same applied force of 4.45 kN. This would suggest lower apparent shear strength, τ app at failure, for the longer overlap, as reported in Figure 9(c) . The force at failure should be significantly higher for the longer overlap since the overlap length, L, is twice as long. Similarly, for the same force (and the same τ app due to the same 25.4 mm length), the maximum elastic tensile strain increases as the adhesive thickness increases.
To predict joint strength trends from FEA analysis, it is assumed that failure occurs at a local value of the maximum tensile strain at the notch root (not including porosity). The average static apparent shear strength of the standard 3.25 mm thick, 25.4 mm overlap length, ADH-1 case was 13.6 MPa, yielding an applied force of 8.95 kN. At this applied force, the maximum calculated local tensile strain at failure, ε 1 , was 0.01428 for the elastic analysis, and 0.01524 for the nonlinear analysis. These calculated strains are consistent with the tensile stress-strain data (ultimate tensile strains) in Figure 15 . The FEA runs were then redone for the other length and thicknesses (assuming the same local maximum tensile strain component at failure as for the standard case), to back-calculate a predicted load and apparent shear stress at failure for these cases. Table 3 indicates good agreement between predicted and experimental strengths for the 12.7 mm long and 6.50 and 9.75 mm thick adhesive joint cases. Figure 17 compares the experimental thickness data with the FEA predictions. The consistency of the neat adhesive stress-strain data, fracture surfaces (crack origin at the predicted location and normal to the maximum tensile stress), and agreement between predicted and experimental trends suggest that the local maximum tensile strain is a suitable failure criterion for this adhesive and geometry. The calculated joint stiffness variation indicates that significant deflections will occur as adhesive thickness increases, for the same load. 
Material Properties
Laminate: E x = 41.7 GPa; E y = 14.1 GPa; G xy = 4.7 GPa;  xy = 0.263 Adhesive: E = 2.62 GPa,  = 0.35 (nonlinear follows stress-strain curve) Mesh 25 elements through adhesive thickness, more with pores Boundary Conditions Imposed displacement on grip area to top of notch If the adhesive behaved in a more ductile fashion, and the local strain could achieve higher levels, the problem would become strongly nonlinear. These effects as well as the influence of pore size and location will be explored further in the full paper. --* failure strain = 0.01428 ** failure strain = 0.01524
B. Cracked Lap Shear Tests
Reversed loading fatigue crack growth data for adhesives ADH-1 and ADH-6 are given in Figure 17 . Data are in four groups in different G Tot ranges, reflecting the four load levels applied; G Tot values were calculated from Figure 5 using the (blue) adhesive crack curve. The data are separated into three groups according to G I /G II ratio, which varies with crack length ( Figure 5 ). Crack growth rates were higher for both adhesives at higher G I /G II ratios, representing shorter cracks. Crack growth exponents were between 4.0 and 4.6 in all cases, similar to those reported in the literature for cracked lap specimens with thin epoxy adhesive layers [14] . The fatigue fracture surface in Figure 18 shows crack growth inside the laminate surface, along the top of the reinforcement for ADH-1; cracks for ADH-6 were similar at low crack growth rates, with more cohesive growth near the interface at higher growth rates. 
C. Mode I DCB Tests
Static Mode I DCB tests ( Figure 6 ) were carried out for adhesives ADH 1, 5 and 6. This type of test has also been shown to work well for mode I fatigue crack growth [5] , which is planned for the future in this program. Matching fracture surfaces for typical specimens of the three adhesives are shown in Figure 19 . Crack growth was brittle and unstable in nature for the ADH-1 and ADH-5 adhesives, but stable in all cases for ADH-6. The crack generally grew along the mid-thickness of the adhesive layer for ADH-1 and ADH-6, but undulated from top to bottom for ADH-5, remaining mostly within the adhesive. The crack tip was near the mid adhesive thickness for all data reported. As evident in Figure 19 , ADH-6 showed some effects of the starter crack insertion process; as a result, data were used only for crack lengths exceeding 75 mm for ADH-6. (Eq. (1) accounts for crack length effects on the calculated G Ic .)
The results summary is given in Table 4 
IV. Conclusions
The three test methods described in this report, all adaptations from studies reported in the adhesives literature, can provide important data for thick paste adhesive joints under a full range of loading conditions experienced in the wind turbine blade application. The notched lap shear and cracked lap shear geometries are sufficiently stiff to accommodate compressive loads without excessive out-of-plane deflection; further FEA study of boundary condition interactions is needed to improve the analysis for the non-symmetric geometries with laterally constrained grips.
The notched lap shear test results for static loading explore a variety of parameters. Little effect is shown for different material batches (although significant porosity is introduced by the hand mixing), loading rates or laminate peel plies. Significant effects of overlap length, adhesive thickness and applied load direction (tension vs. compression) are shown, largely resolved by finite element analysis using a maximum local tensile strain failure criterion based on neat adhesive tests. The six paste adhesives tested show a range of notched lap shear strength. Fatigue data were obtained for three loading conditions (tension, reversed loading and compression) with two blade adhesives, one relatively brittle (ADH-1) and the other relatively tough (ADH-6). Fatigue results were similar for the two adhesives despite their toughness difference, which was evident in the crack propagation phase of the lifetime.
The fracture mechanics based test methods with artificial starter cracks use the strain energy release rate as a metric for static fracture and fatigue crack growth. The mixed mode cracked lap shear test was run under reversed loading to obtain fatigue crack growth data for the two adhesives ADH-1 and ADH-6; the data were separated by the G I /G II ratio, which varies with crack length for this geometry. Crack growth rates were higher for higher G I /G II ratios. The cracks for both adhesives propagated inside the laminate surface, along the top of the reinforcement, with the exception at higher growth rates of some growth inside the adhesive, next to the interface, for ADH-6. The two adhesives performed similarly in these tests. The mode I DCB test produced crack growth down the adhesive mid-thickness for the three adhesives 
